recently been identified as a risk factor for Alzheimer's disease (AD). TREM2 transmits intracellular signals through its transmembrane binding partner DNAX-activating protein 12 (DAP12). Homozygous mutations inactivating TREM2 or DAP12 lead to Nasu-Hakola disease; however, how AD risk-conferring variants increase AD risk is not clear. To elucidate the signaling pathways underlying reduced TREM2 expression or loss of function in microglia, we respectively knocked down and knocked out the expression of TREM2 in in vitro and in vivo models. We found that TREM2 deficiency reduced the viability and proliferation of primary microglia, reduced microgliosis in Trem2 Ϫ / Ϫ mouse brains, induced cell cycle arrest at the G 1 /S checkpoint, and decreased the stability of ␤-catenin, a key component of the canonical Wnt signaling pathway responsible for maintaining many biological processes, including cell survival. TREM2 stabilized ␤-catenin by inhibiting its degradation via the Akt/GSK3␤ signaling pathway. More importantly, treatment with Wnt3a, LiCl, or TDZD-8, which activates the ␤-catenin-mediated Wnt signaling pathway, rescued microglia survival and microgliosis in Trem2 Ϫ / Ϫ microglia and/or in Trem2 Ϫ / Ϫ mouse brain. Together, our studies demonstrate a critical role of TREM2-mediated Wnt/␤-catenin pathway in microglial viability and suggest that modulating this pathway therapeutically may help to combat the impaired microglial survival and microgliosis associated with AD.
Introduction
Several rare mutations in the Triggering Receptor Expressed on Myeloid cells 2 (TREM2) gene are associated with increased risk for Alzheimer's disease (AD), with effective sizes comparable to that of the apolipoprotein E (APOE) 4 allele (Guerreiro et al., 2013; Jonsson and Stefansson, 2013; Jonsson et al., 2013) .
TREM2 is an immunoreceptor expressed on myeloid cells, including immature dendritic cells, osteoclasts, macrophages, and microglia, and transmits intracellular signals through its transmembrane binding partner DNAX-activating protein 12 (DAP12). In the brain, TREM2 is one of the most highly expressed receptors in microglia and has been found to modulate microglia-mediated phagocytic clearance of apoptotic neurons and inflammatory responses (Hickman and El Khoury, 2014) . Individuals with genetic mutations inactivating TREM2 or DAP12 develop Nasu-Hakola disease with cystic-like lesions of the bone and brain demyelination, respectively, leading to fractures and presenile dementia (Paloneva et al., 2002; Klünemann et al., 2005) , implying a critical role of TREM2 in maintaining the homeostasis of the CNS.
Microglia, which account for 5-10% of the total cell population in mammalian brains, play important roles in the brain innate immune system (Lawson et al., 1990; Block et al., 2007; Polazzi and Monti, 2010; Aguzzi et al., 2013; Malik et al., 2015) . Microglia rapidly extend processes to the sites of injury, migrate to lesion sites, recognize pathogens, and ramify and mount immune responses, including the release of cytokines and phagocytosis of damaged debris (Ransohoff and Perry, 2009 ). In the brains of both AD patients and mouse models, microglia are found to be closely associated with amyloid plaques and exhibit an "activated" proinflammatory phenotype (Perlmutter et al., 1990; Frautschy et al., 1998; Lee and Landreth, 2010) . Microglia maintain their numbers through self-repopulation and alter their appearance and numbers during AD pathogenesis (Ajami et al., 2007; Wes et al., 2016) . TREM2 is specifically expressed in microglia in the healthy brain (Hickman et al., 2013) , whereas TREM2 deficiency has been shown to reduce microgliosis in 5ϫFAD mice with amyloid plaques not fully enclosed by microglia Yuan et al., 2016) . Although it has been suggested that microglial TREM2 modulates immune responses and affects amyloid pathology in AD (Painter et al., 2015; Colonna and Wang, 2016; Ulrich and Holtzman, 2016) , the molecular pathways underlying TREM2-regulated microglial survival remain unclear.
Here, we demonstrate that TREM2 promotes microglial survival by activating the Wnt/␤-catenin signaling pathway through posttranslational regulation of ␤-catenin. In addition, treatment with Wnt3a, LiCl, or TDZD-8, which activates Wnt/␤-catenin signaling, promotes microglial survival and microgliosis in Trem2 Ϫ / Ϫ microglia and in the brains of Trem2 Ϫ / Ϫ mice. Our studies suggest that therapeutic strategies targeting the TREM2mediated Wnt/␤-catenin signaling pathway may restore microglial functions that hold promise for the treatment of AD.
Materials and Methods
Reagents. Cyclin D1 (RRID: AB_2259616), c-Myc (RRID: AB_2151827), Bcl-2 (RRID: AB_1903907) antibodies, phospho-Akt (Ser473) antibody (RRID: AB_329825), Akt antibody (RRID: AB_915783), phospho-p38 MAPK (Thr180/Tyr182) antibody (RRID: AB_331641), p38 MAPK antibody (RRID: AB_330713), p44/42 MAPK (Erk1/2) antibody (RRID: AB_330744), phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody (RRID: AB_331646), cleaved Caspase-3 (Asp175) antibody (RRID: AB_2341188), phospho-GSK-3␤ (Ser9) antibody (RRID: AB_331405) were all from Cell Signaling Technology. Anti-␤-actin antibody (RRID: AB_306371), goat anti-mouse IgG, and the bromodeoxyuridine (BrdU) incorporation assay kit were from Abcam. Recombinant mouse granulocyte-macrophage colony stimulating factor (GM-CSF) was from R&D Systems. LiCl, ␤-catenin (RRID: AB_476831) antibody, TDZD-8, kainic acid (KA), and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-Htetrazolium bromide (MTT) were from Sigma-Aldrich. The In Situ Cell Death Detection Kit was from Roche. ReverTra Ace qPCR RT Master Mix was from Toyobo. The Basic Glial Cells Nucleofector Kit was from Lonza.
Animals and treatment procedures. All animal procedures were in strict accordance with the National Institutes of Health's Guidelines for the Care and Use of Laboratory Animals and were approved by the Animal Ethics Committee of Xiamen University. TREM2 knock-out mice (Trem2 Ϫ / Ϫ ; C57BL/6N) and the corresponding control C57BL/6N mice were obtained from the UC Davis Knockout Mouse Project (KOMP) repository as described previously (Jay et al., 2015) and were bred in the Animal Centre of Xiamen University. Trem2 Ϫ / Ϫ or WT male mice at 8 weeks of age were intraperitoneally injected with 25 mg/kg KA and the mouse brains were dissected 3 d later. For LiCl treatment, Trem2 Ϫ / Ϫ or WT male mice at 8 weeks of age were intraperitoneally injected with 200 mg/kg LiCl for 3 consecutive days and the mouse brains were dissected. The coronal sections from Trem2 Ϫ / Ϫ or WT mouse brains were subjected to Iba-1 immunofluorescence staining for microglia. The brain lysates from Trem2 Ϫ / Ϫ or WT mouse brains were subjected to Western blotting.
Primary microglial culture and treatment. Primary microglial cells were prepared as described previously (Liu et al., 1994; Zheng et al., 2016) with modification. Briefly, mixed glial cells from newborn (postnatal 1-3 d old) Trem2 Ϫ / Ϫ or WT C57BL/6N pups were cultured in Dulbecco modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 100 U/ml penicillin/streptomycin in poly-L-lysine (Sigma-Aldrich)-coated cell culture flasks (Corning). The medium was replaced the next day with fresh DMEM plus 10% FBS and 25 ng/ml GM-CSF. Microglia cells were harvested by shaking gently after 8 -10 d in culture as described previously (Zheng et al., 2016) . The isolated WT microglia were subjected to TREM2 knock-down by electroporation. Isolated Trem2 Ϫ / Ϫ or WT microglia were subjected to cell cycle analysis or plated for MTT assay, BrdU incorporation assay, or terminal deoxynucleotidyl transferase-mediated 2Ј-deoxyuridine 5Јtriphosphate nick-end labeling (TUNEL) staining. For rescue experiments, Trem2 Ϫ / Ϫ or WT microglia were treated with conditioned medium from parental L cell (LCM)-or Wnt3a-expressing cultures (Wnt3aCM) or with 5 or 10 mM LiCl or with 5 M TDZD-8 for 24 h and used for qRT-PCR, Western blotting, MTT assay, BrdU incorporation assay, or TUNEL staining.
Trem2 knock-down by siRNA. Electroporation in primary microglia was performed as described previously (Zheng et al., 2016) . Briefly, knock-down of TREM2 with Trem2-specific siRNA (Invitrogen) was achieved by electroporation using an Amaxa Nucleofector and a glialspecific Nucleofector kit (Lonza) according to the manufacturer's instructions. Each electroporation reaction contained 4 ϫ 10 6 cells and 200 nM siRNA. Transfected cells were plated and used for qRT-PCR, Western blotting, MTT assay, or BrdU incorporation assay.
Immunofluorescence staining. The coronal cortex and hippocampus of the brain slices were fixed with 4% PFA in PBS for 30 min at room temperature (RT). Before staining, the slices were washed thoroughly with PBS. The slices were then permeabilized with 0.1% Triton X-100 for 15 min at RT. The nonspecific binding sites were blocked with 5% normal goat serum in PBS for 30 min at RT and the slices were incubated with the mouse anti-Iba1 primary antibody (1:100; Wako Chemicals) overnight at 4°C. The slices were then washed three times with the blocking solution and incubated with the Alexa Fluor 488-conjugated goat anti-mouse secondary antibody (1:500; Life Technology) for 2 h at RT. The slices were washed three times with PBS and mounted on object glasses with Vectashield mounting medium with DAPI (Vector Laboratories). The images were captured with an Olympus FV10-ASW confocal microscope. Five different fields per high-power field (HPF) in hippocampi and cortices of at least five sections per mouse from five mice were selected for quantifying the number of microglial cells. The number, processes, and cell body area of microglia double stained with DAPI and Iba1 were quantified per HPF in hippocampi and cortices with Olympus FV10-ASW 4.0 Viewer software.
TUNEL staining. The numbers of apoptotic and necrotic cells were determined by TUNEL. Briefly, cells were washed with PBS, fixed in 4% polyformaldehyde (Sigma-Aldrich) for 15 min, washed again with PBS, and then stained with TUNEL according to the manufacturer's instructions (In Situ Cell Death Detection Kit, TMR red; Roche Diagnostics). DAPI was used to stain cell nuclei. Seven different fields per HPF from three independent experiments were randomly selected for quantifying the number of TUNEL-positive cells. The TUNEL-positive cell nuclei were counted manually and compared with the total microglia number counted manually as DAPI and given as a percentage.
Cell cycle analysis. Trem2 Ϫ / Ϫ or WT microglia were collected for cell cycle analysis. Cells were washed twice with PBS and resuspended in 1 ml of DAPI stain solution (25 g/ml) and incubated for 15 min at 37°C. DNA was quantified 1 h after staining. The analysis was performed by flow cytometry (Guava easyCyte 8 HT; Millipore) and cell population frequencies (G 0 /G 1 , S, and G 2 /M) were determined using FlowJo software.
Reverse transcription and quantitative real-time PCR. Total RNA was isolated from tissues or cells using TRIzol reagent (Thermo Fisher Scientific). Reverse transcription was performed using ReverTra Ace qPCR RT Master Mix (Toyobo) and the resulting cDNA was used for qRT-PCR. The set of ␤-actin primers was used as an internal control for each specific gene amplification. The relative levels of expression were quantified and analyzed by using Bio-Rad iCycleriQ software. The real-time value for each sample was averaged and compared using the CT method, where the amount of target RNA (2 Ϫ⌬⌬CT ) was normalized to the endogenous ␤-actin reference (⌬CT) and then normalized against control levels. The primers sequences used to amplify target genes Trem2, ␤-catenin, Cyclin D1, c-Myc, and ␤-actin were as follows: Trem2-forward: 5Ј-TCATAG GGGCAAGACACCT-3Ј; Trem2-reverse: 5Ј-GCTGCTCATCTTACTCT Figure 1. TREM2 deficiency in microglia leads to decreased cell viability and increased cell death. A, Knock-down of Trem2 with two independent siRNAs in mouse primary microglia was confirmed by qRT-PCR. B, Knock-down of Trem2 suppressed microglial viability compared with the control nontarget (NT) group as examined by MTT assay. C, Trem2 knock-down suppressed microglial proliferation as assessed by BrdU incorporation assay. D, Decreased cell viability in Trem2 Ϫ / Ϫ microglia compared with WT cells. E, Proliferation was suppressed in Trem2 Ϫ / Ϫ microglia compared with WT cells. F, Trem2 Ϫ / Ϫ microglia were cultured for the indicated times and apoptosis and necrosis were assessed by TUNEL staining. TUNEL-positive, apoptotic cells (green) were quantified as a percentage of total DAPI-positive cells (blue). The number of TUNEL-positive cells increased in Trem2 Ϫ / Ϫ microglia compared with WT cells. G, Cell lysates from WT or Trem2 Ϫ / Ϫ microglia were analyzed for pro-Caspase3 (pro-Casp3), cleaved Caspase-3 (c-Casp3), and Bcl-2 levels by Western blotting. Protein levels were quantified by densitometry ratio to ␣-tubulin for comparison. The level of c-Casp3 was increased, whereas pro-Casp3 and Bcl-2 were suppressed in Trem2 Ϫ / Ϫ microglia compared with WT cells. Data are plotted as mean Ϯ SEM (n ϭ 3). *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001.
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; ␤-catenin-forward: 5Ј-ATGGAGCCGGACAGAAAAGC-3Ј; ␤-catenin-reverse: 5Ј-CTTGCCACTCAGGGAAGGA-3Ј; Cyclin D1-forward: 5Ј-GCGTACCCTGACACCAATCTC-3Ј; Cyclin D1-reverse: 5Ј-CTCCTCTTCGCACTTCTGCTC-3Ј; c-Myc-forward: 5Ј-ATGCCCCTC AACGTGAACTTC-3Ј; c-Myc-reverse: 5Ј-CGCAACATAGGATGGAGA GCA-3Ј; ␤-actin-forward: 5Ј-AGTGTGACGTTGACATCCGTA-3Ј; and ␤-actin-reverse: 5Ј-GCCAGAGCAGTAA TCTCCTTC-3Ј.
BrdU incorporation assay. BrdU incorporation assay was performed using BrdU cell proliferation ELISA kit (Abcam) according to the manufacturer's protocol. Briefly, microglia were seeded at a density of 2 ϫ 10 4 cells/well and BrdU was added to the cells for 18 h for incorporation. Cells were then fixed, permeabilized, and denatured to enable the detection of incorporated BrdU through anti-BrdU antibody. After the incubation of horseradish peroxidase-conjugated secondary antibody, the colored reaction product was quantified using a spectrophotometer (Varioan Flash; Thermo Fisher Scientific) at a dual wavelength of 450/550 nm. BrdU-positive ELISA signals were normalized against total cell numbers to eliminate the possibility that the results were affected by potential changes of viable cells. . ␤-catenin was downregulated in Trem2-depleted microglia. A, Trem2 was knocked down by two independent siRNAs. Protein levels of ␤-catenin, phosphorylated p38 (p-P38), phosphorylated ERK1/2 (p-ERK1/2), total p38, total ERK1/2 from nontarget (NT), or Trem2 knock-down microglia were analyzed by Western blotting. B, Protein levels were quantified by densitometry and presented as ratios to ␣-tubulin. ␤-catenin was suppressed in Trem2 knock-down microglia compared with NT microglia. The amount of p-P38 or p-ERK1/2 was not altered in Trem2 knock-down microglia compared with NT microglia. C, D, Cell lysates of WT or Trem2 Ϫ / Ϫ microglia were analyzed by Western blotting. The amount of ␤-catenin was reduced in Trem2 Ϫ / Ϫ microglia. Protein levels were quantified by densitometry and are presented as ratios to ␣-tubulin. p-P38 or p-ERK1/2 levels were not altered in Trem2 Ϫ / Ϫ microglia compared with WT microglia. Data are plotted as mean Ϯ SEM (n ϭ 3). **p Ͻ 0.01; ns, not significant.
MTT assay. Cell viability was analyzed using the MTT assay. Briefly, microglia were cultured in 96-well plates at a concentration of 3 ϫ 10 4 / well, incubated for 24 h, and treated with or without LCM, Wnt3aCM, or LiCl. After 24 h, MTT solution was added to each well at a final concentration of 0.5 mg/ml and the cells were further incubated for 4 h. At the end of incubation, formazan crystals resulting from MTT reduction were dissolved by addition of 100 l of dimethyl sulfoxide per well. The absorbance was measured at 570 nm using an automated ELISA plate reader.
Western blotting analysis. All cells were lysed in RIPA buffer (Boster) and total protein concentrations were determined with a BCA Protein Assay Kit (Thermo Fisher Scientific). Total protein (20 g) was loaded for each sample into 8%, 10%, or 12% SDS-PAGE. Western blotting was performed as described previously . Briefly, gels were transferred onto PVDF membranes (Millipore). Primary antibodies were incubated overnight at 4°C. Immunoreactive bands were detected by ECL Western blotting detection reagents (Millipore) and quantified using ImageJ Software.
Statistical analysis. All quantified data represent mean Ϯ SEM. Statistical significance was determined by ANOVA and Tukey's post hoc test (GraphPad Prism 5.0) when more than two groups were compared and Student's t test when one group was compared with the control group. p Ͻ 0.05 was considered significant.
Results
Decreased microglial survival and microgliosis in Trem2 ؊ / ؊ microglia and in the brains of Trem2 ؊ / ؊ mice To address the potential roles of TREM2 in regulating microglia viability, Trem2 was knocked down in primary microglia by two independent siRNAs targeting distinct regions of TREM2 and the knock-down efficiency was assessed by qRT-PCR (Fig. 1A) . Cell survival was suppressed significantly in Trem2-knock-down mi-croglia ( Fig. 1B) and in microglia derived from Trem2 knock-out (Trem2 Ϫ / Ϫ ) mice (Fig. 1D) as examined by MTT assay. To determine whether the decreased viability of Trem2-deficient microglia resulted from a decrease in microglia proliferation, an increase in apoptosis, or both, we first assessed microglia proliferation using a BrdU incorporation assay. We found that knockdown of Trem2 in primary microglia suppressed microglia proliferation (Fig. 1C) . Cell proliferation was also reduced in microglia derived from Trem2 Ϫ / Ϫ mice compared with those from WT mice (Fig. 1E) . To quantify the apoptotic status of primary microglia from WT control or Trem2 Ϫ / Ϫ mice by TUNEL staining, we assessed the number of TUNEL-positive cells (green) compared with DAPI-positive total cells (blue) in the microglia culture (Fig. 1F ). The number of TUNEL-positive apoptotic cells was increased in Trem2 Ϫ / Ϫ microglia compared with WT microglia (Fig. 1F ). To further confirm this effect, cell lysates from WT or Trem2 Ϫ / Ϫ microglia were analyzed by Western blotting for cleaved Caspase-3 (c-Casp3), the activation of which is required for the induction of apoptosis; pro-Caspase-3 (pro-Casp3), the inactive precursor to c-Casp3; and Bcl-2, an anti-apoptotic protein. We found that the amount of c-Casp3 was increased, whereas the amounts of pro-Casp3 and the Bcl-2 were decreased in Trem2 Ϫ / Ϫ microglia compared with WT microglia (Fig. 1G ), suggesting that Trem2 depletion both suppresses microglial proliferation and accelerates microglial apoptosis.
To evaluate the role of TREM2 in regulating microglial activation in response to injury in vivo, Trem2 Ϫ / Ϫ or WT mice were intraperitoneally injected with 25 mg/kg KA, a potent analog of glutamate commonly used to induce excitotoxicity and subsequent neuronal death associated with various neurodegenerative disorders (Zheng et al., 2011; . By analyzing cell number, cell processes, and cell bodies of microglia, we found that KA treatment resulted in marked microglia morphological change (increased cell body and processes) and a dramatic increase in the number of activated microglia in WT mouse brain; however, this response was significantly reduced in TREM2-deficient mice, in particular in the hippocampus ( Fig. 2A-I ) . These results indicate that TREM2 expression and function are essential in the regulation of microglial survival and activation upon neuronal injury.
TREM2 depletion in microglia leads to cell cycle arrest at the G 1 /S checkpoint
Given that TREM2 mediates microglial proliferation and cell death, which are tightly coupled with cell-cycle regulators and apoptotic stimuli, we investigated how TREM2 modulates cell cycle progression by FACS analysis. The number of cells at different cell cycle phases (G 1 /G 0 , S, or G 2 /M) was quantified as a percentage of the whole for comparison (Fig. 3A) . We found that TREM2 deficiency in microglia resulted in an increased of G 1 /G 0 phase cell population and a decreased percentage of cells in the S phase (Fig. 3B) . Given that Cyclin D1 functions as a regulatory subunit of cyclin-dependent kinase 4 (CDK4) or CDK6, the activity of which is required for the cell cycle G 1 /S transition (Agami and Bernards, 2000) and that c-Myc is implicated in cell proliferation and growth, we also examined the expression of Cyclin D1 and c-Myc in WT and Trem2 Ϫ / Ϫ microglia. Trem2 Ϫ / Ϫ microglia, compared with WT cells, exhibited reduced Cyclin D1 and c-Myc mRNA when examined by qRT-PCR (Fig. 3C) . Similarly, Cyclin D1 and c-Myc protein levels were also suppressed in Trem2 Ϫ / Ϫ microglia compared with WT cells (Fig.  3D ). Together, our results demonstrate that TREM2 deficiency affects critical cell cycle regulators, leading to a marked reduction of microglia proliferation and viability, with an accumulation of cells in the G 0 /G 1 phase of the cell cycle.
␤-catenin is downregulated in Trem2-deficient microglia
Because depletion of TREM2 in microglia reduced cell viability dramatically, we investigated whether the ERK1/2, p38 mitogen-activated protein kinase (MAPK), and ␤-catenin signaling pathways, which are involved in the activation and prolifera-tion of myeloid cells including macrophages (Otero et al., 2009; Otero et al., 2012; Xing et al., 2015) , are also involved in regulating microglial cell survival. We found that ␤-catenin was suppressed, but the expression of neither phosphorylated p38MAPK (p-P38) nor ERK1/2 (p-ERK1/2) was changed, in Trem2 knock-down microglia compared with the nontarget Figure 6 . Decreased phosphorylation of GSK3␤ and AKT in Trem2-depleted microglia. A, Protein levels in cell lysates from Trem2 knock-down microglia were analyzed by Western blotting. Representative Western blots of phosphorylated GSK3␤ S9 , phosphorylated Akt S473 , total GSK3␤, and total Akt are shown. B, C, Protein levels were quantified by densitometry and normalized to total GSK3␤/Akt and ␣-tubulin. The levels of phosphorylated GSK3␤ S9 and phosphorylated Akt S473 were decreased in Trem2 knock-down microglia compared with nontarget (NT) cells. D, Cell lysates from Trem2 Ϫ / Ϫ or WT microglia were analyzed to assess the levels of the indicated proteins by Western blotting. Representative Western blots of phosphorylated GSK3␤ S9 , phosphorylated Akt S473 , total GSK3␤, and total Akt are shown. E, F, Protein levels were quantified by densitometry and normalized to total GSK3␤/Akt and ␣-tubulin. The levels of phosphorylated GSK3␤ S9 and phosphorylated Akt S473 were decreased in Trem2 Ϫ / Ϫ microglia compared with WT cells. Data are plotted as mean Ϯ SEM (n ϭ 3). *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. control cells ( Fig. 4 A, B) . The decrease in ␤-catenin and lack of significant changes in p-P38 or p-ERK1/2 levels were further confirmed in microglia from Trem2 Ϫ / Ϫ mice (Fig. 4C,D) . Therefore, the ␤-catenin signaling pathway may play a critical role in TREM2regulated microglial survival.
TREM2 stabilizes ␤-catenin by inhibiting the degradation of ␤-catenin via Akt/GSK3␤ signaling pathway
Given that ␤-catenin is downregulated in Trem2 Ϫ / Ϫ microglia, we first investigated whether TREM2 mediates the transcription of ␤-catenin by qPCR analysis. We found that there was no difference in ␤-catenin mRNA levels between Trem2 Ϫ / Ϫ and WT microglia (Fig. 5A) , indicating that TREM2 did not affect the transcription of ␤-catenin in microglia. To investigate whether TREM2 deficiency affects the stability of ␤-catenin, Trem2 Ϫ / Ϫ or WT microglia were treated with cycloheximide, which inhibits protein synthesis, for various periods of time. We found that ␤-catenin was degraded more rapidly in the Trem2 Ϫ / Ϫ microglia than in WT cells (Fig. 5 B, C) . Because ␤-catenin is ubiquitinated and degraded through the proteasomal pathway (Aberle et al., 1997; Orford et al., 1997) , we sought to determine whether a proteasomal inhibitor can suppress ␤-catenin degradation in Trem2 Ϫ / Ϫ microglia. After incubation with the proteasome inhibitor MG132, ␤-catenin levels were increased in both Trem2 Ϫ / Ϫ and WT microglia (Fig. 5B,D) . Together, these results demonstrate that TREM2 stabilizes ␤-catenin by suppressing its proteasomal degradation.
To elucidate the specific pathway through which TREM2 suppresses proteasomal degradation of ␤-catenin, we examined the potential role of the PI3K/Akt signaling pathway, which has been shown to be downstream of TREM2-mediated immune modulation (Sun et al., 2013; and to regulate ␤-catenin (Cross et al., 1995; Seira and Del Río, 2014) . We thus examined the phosphorylation status of Akt and GSK-3␤ in WT and Trem2 Ϫ / Ϫ microglia, given that phosphorylation of GSK3␤ at the serine 9 residue (GSK3␤ S9 ) leads to GSK3␤ inactivation (Cross et al., 1995) . As shown in Figure 6 , A-C, phosphorylation of Akt S473 and GSK-3␤ S9 was decreased significantly in Trem2 knock-down microglia and in Trem2 Ϫ / Ϫ microglia (Fig. 6D-F ). Therefore, these results indicate that TREM2 stabilizes ␤-catenin by inhibiting the proteosomal degradation of ␤-catenin via the Akt/GSK3␤ signaling pathway.
Wnt3a restores ␤-catenin level and cell growth in Trem2 ؊ / ؊ microglia ␤-catenin is a key mediator in the canonical Wnt signaling pathway (Clevers, 2006) . After activation by Wnt ligandreceptor binding, ␤-catenin escapes proteosomal degradation and translocates into the nucleus, where it binds to target genes that modulate various biological processes, including cell proliferation, differentiation, and survival (Mosimann et al., 2009) . To determine whether activating Wnt/␤-catenin signaling can restore cell survival in Trem2 Ϫ / Ϫ microglia, Trem2 Ϫ / Ϫ or WT microglia were treated with Wnt3aCM or control L cell CM for 24 h. Wnt3a CM increased ␤-catenin in WT and Trem2 Ϫ / Ϫ microglia compared with L cell CM ( Fig.  7 A, B) . Importantly, Wnt3aCM promoted the cell viability and proliferation suppressed in Trem2 Ϫ / Ϫ microglia as examined by MTT or BrdU incorporation assay (Fig. 7C, D) . These results demonstrate that activation of the Wnt/␤-catenin signaling pathway partially restores the proliferation and survival of Trem2 Ϫ / Ϫ microglia.
LiCl, a GSK-3␤ inhibitor, rescues ␤-catenin signaling and the survival of Trem2 ؊ / ؊ microglia in vivo and in vitro Given that Wnt3a enhanced ␤-catenin level and cell survival in Trem2 Ϫ / Ϫ microglia, we next evaluated how LiCl, a GSK-3␤ inhibitor that can activate the Wnt signaling pathway by stabilizing ␤-catenin (Kramer et al., 2012) , affects Trem2 Ϫ / Ϫ microglial survival. When cells were treated with LiCl for 24 h, ␤-catenin increased significantly in Trem2 Ϫ / Ϫ microglia ( Fig. 8 A, B) . Moreover, both cell viability and proliferation increased in Trem2 Ϫ / Ϫ microglia upon LiCl treatment, although it did not completely restore the effect to the levels in WT microglia (Fig. 8C,D) . These results were further confirmed by treatment with TDZD-8, a specific GSK-3␤ inhibitor, for 24 h in WT or Trem2 Ϫ / Ϫ microglia, which enhanced ␤-catenin level in Trem2 Ϫ / Ϫ microglia (Fig. 8E,F) .
In addition, we examined the ability of LiCl to modulate the survival of microglia in Trem2 Ϫ / Ϫ mice in vivo. LiCl intraperitoneal treatment significantly restored the number of microglia in Trem2 Ϫ / Ϫ mouse brain ( Fig. 9 A, B) , suggesting that LiCl can rescue suppressed microglial proliferation in Trem2 Ϫ / Ϫ mice. We confirmed that the levels of ␤-catenin, GSK-3␤, c-Myc, and Cyclin D1 were increased significantly in the hippocampus of Trem2 Ϫ / Ϫ mouse brain in response to LiCl treatment, although their levels were not completely restored to those in WT mice (Fig. 9C ). Together, our findings demonstrate that treatment with LiCl, which activates Wnt/␤-catenin signaling, rescues microglial cell death and microgliosis resulting from TREM2 deficiency.
Discussion
Our findings shed new light on the relationship between Wnt/␤catenin signaling and the TREM2/DAP12 pathway and offer a pathological mechanism through which reduced TREM2, or TREM2 loss-of-function, might impair microglial survival in AD pathogenesis. We provide evidence that TREM2 promotes microglial survival by activating the Wnt/␤-catenin signaling pathway, which plays essential roles in many biological processes during embryonic development and disease pathogenesis, including cell proliferation, survival, migration, and polarity, fate decisions, and self-renewal (Logan and Nusse, 2004; Clevers, 2006; Clevers and Nusse, 2012; . We also show that knock-down or depletion of TREM2, a receptor specifically expressed in microglia (Colonna, 2003; Hickman and El Khoury, 2014) , results in increased apoptosis and decreased proliferation, which can be partially restored by Wnt3a or LiCl or TDZD-8 treatment. Together, our data suggest the potential promise of manipulating the TREM2/␤-catenin signaling pathway for the treatment of AD.
Such findings come on the heels of new evidence suggesting that TREM2-mediated signaling may play a role in microglial proliferation/survival in response to injury and aging, although controversy surrounding TREM2 has focused on the differences of the phenotypes observed in murine models. For example, Poliani et al. (2015) found that there was no significant difference in the abundance of microglia between WT and Trem2 Ϫ / Ϫ mice until 2 years of age and most prominently in the corpus callosum. However, Cantoni et al. (2015) showed that microglia proliferation and abundance were diminished in Trem2 Ϫ / Ϫ mice in the context of demyelination, suggesting a critical role of TREM2 in the survival and proliferation of microglia. Recent studies also demonstrate that a lack of TREM2 in osteoclast precursors impairs proliferation and ␤-catenin activation in response to macrophage colony-stimulating factor (M-CSF) (Otero et al., 2012) , whereas deficiencies in DAP12, a required adaptor for TREM2 signaling, resulted in a profound reduction of microglia in aged mice (Otero et al., 2009 ). Whether Wnt/␤-catenin signaling in- Figure 9 . LiCl rescues ␤-catenin signaling and cell survival in Trem2 Ϫ / Ϫ mouse brain. A, Trem2 Ϫ / Ϫ or WT mice at 8 weeks of age were intraperitoneally injected with LiCl (200 mg/kg) for 3 consecutive days and mouse brains were harvested and dissected. Brain sections from Trem2 Ϫ / Ϫ or WT mice were double stained with Iba-1 (green) and DAPI (blue) for microglia. Representative images are shown. B, Number of microglia double stained with DAPI (blue) and Iba1 (green) was quantified per HPF in hippocampi and cortices. C, Protein levels in brain lysates were analyzed by Western blotting. Protein levels were quantified by densitometry and normalized to total GSK3␤ and/or ␣-tubulin. The levels of ␤-catenin, Cyclin D1, c-Myc, and phosphorylated GSK3␤ S9 were increased in Trem2 Ϫ / Ϫ mice treated with LiCl compared with WT mice. Scale bar, 100 m. Data are plotted as mean Ϯ SEM (n ϭ 5). *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. tersects with CSF-1R/M-CSF pathway and whether these pathways are modulated by TREM2/DAP12 signaling in microglia need to be further addressed in future studies.
TREM2 activation leads to DAP12 phosphorylation via Src family kinases, initiating the downstream signaling cascades including PI3K, PKC, and ERK(Ulrich and Holtzman, 2016) . In examining the effects of TREM2 depletion, we did not observe a change in the level or activation of ERK1/2 or p38MAPK signaling pathways despite their role in mediating a variety of cellular processes, including proliferation, cell survival, and cell death (Clevers and Nusse, 2012; Cossa et al., 2013) . Rather, TREM2 deficiency led to a dramatic downregulation of Wnt/␤-catenin signaling in microglia, decreased microglial survival, and enhanced cell death. Therefore, our findings provide strong evidence that TREM2 regulates the proliferation and survival of microglia by activating the Wnt/␤-catenin signaling pathway. Treatment with Wnt3a, LiCl, or TDZD-8 did not completely rescue the relevant phenotypes in Trem2 Ϫ / Ϫ microglia and increased ␤-catenin levels both in WT and in Trem2 Ϫ / Ϫ microglia, indicating that the TREM2-regulated Wnt/␤-catenin signaling pathway might be a critical, but not necessarily a sole, pathway in regulating microglial proliferation and survival. Upregulation of Wnt/␤-catenin signaling may promote microglial survival and function, which may represent an alternative therapeutic strategy for neurodegenerative diseases associated with TREM2-mediated microglial dysfunction. Furthermore, because Wnt/␤-catenin signaling is essential for normal CNS development (Ciani and Salinas, 2005 ) and embryonic microglia have been shown to regulate neural precursor pool size and the outgrowth of dopaminergic axons in the developing brain (Cunningham et al., 2013; Squarzoni et al., 2014) , understanding whether TREM2 mediates microglial function through modulating Wnt/␤-catenin pathway during neurodevelopment is of great interest.
Our results further indicate that, through the cross talk between TREM2/␤-catenin pathways, TREM2 may play a critical role in regulating microglial proliferation and cell viability by modulating the proteins involved in cell cycle control. Cell cycle progression through the G 1 phase and the G 1 /S transition are events highly regulated by a complex mechanism involving the activation of cell cycle proteins, including Cyclin D1 and CDKs, which regulate proliferation and cell cycle progression and were suppressed in Trem2 Ϫ / Ϫ microglia, supported our observation of G 1 /S checkpoint arrest and increased microglia apoptosis under the conditions of TREM2 depletion. Uncovering how TREM2 regulates the expression or the kinase activity of cell cycle proteins warrants further investigation.
As indicated by our results, TREM2 may interact with DAP12 to activate PI3K/Akt signaling, thereby inactivating GSK3␤ and stabilizing ␤-catenin ( Fig. 10 ; Papkoff and Aikawa, 1998; Sun et al., 2013) . Akt, a PI3-kinase activated protein kinase, plays an important role in the cell death/survival pathway during neuronal development and injury repair (Franke et al., 1997; Seira and Del Río, 2014) and activation of Akt has been linked to the promotion of microglial cell proliferation Ito et al., 2005; Suh et al., 2005) . The PI3K/Akt pathway represents a downstream signaling pathway in TREM2-mediated immune modulation (Sun et al., 2013; . In brief, PI3K/Akt phosphorylates GSK3␤ on Ser9 to render it inactive, which in turn promotes ␤-catenin stabilization and induction of responsive genes that enhance cell survival (Papkoff and Aikawa, 1998; Chen et al., 2001; You et al., 2004; Li et al., 2006) . In this study, we found that Trem2 Ϫ / Ϫ microglia exhibit reduced phosphorylation of Akt S473 and GSK-3␤ S9 and accelerated degradation of ␤-catenin. These findings suggest that, under normal conditions, TREM2 promotes microglial proliferation and survival after injury through the activation of Akt/␤-catenin pathways. We also provide strong evidence that upregulation of Wnt/␤-catenin signaling via Wnt3a ligand or LiCl or TDZD-8 treatment, which suppresses GSK-3␤, restores ␤-catenin signaling significantly and promotes Trem2 Ϫ / Ϫ microglial survival in vitro and in vivo. Suppressing GSK-3␤ may enable the accumulated ␤-catenin to translocate into the nucleus, where it engages TCF transcription factors, YAP1/TBX5, or the TAZ complex, driving the expression of antiapoptotic/survival genes such as Cyclin D1, c-Myc, and Bcl-2 (Clevers and Nusse, 2012; Rosenbluh et al., 2014) .
Our studies demonstrate that TREM2 is a crucial determinant of microglial survival and microgliosis and that TREM2 loss of function may lead to compromised microglial survival and function in neurodegenerative diseases. Although it remains to be determined whether TREM2 mutations or other abnormalities lead to impaired microglial survival, our results demonstrate that it is possible to restore the TREM2-regulated ␤-catenin pathway under conditions in which TREM2 activity is disrupted or reduced. In particular, targeting the Wnt/␤-catenin pathway downstream of TREM2 may represent a novel therapeutic ap- Figure 10 . Schematic model of TREM2 in the regulation of ␤-catenin signaling and microglial survival. TREM2 interacts with DAP12 to activate PI3K/Akt signaling. Akt phosphorylates the serine 9 residue of GSK3␤ (GSK3␤ S9 ), leading to GSK3␤ inactivation and stabilization of ␤-catenin. ␤-catenin accumulates in the cytoplasm and then enters the nucleus, where it regulates the expression of target genes such as Cyclin D1, proach to combat the microglial dysfunction associated with chronic inflammation-related neurodegenerative diseases such as AD.
